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1. Introduction
In RAN-1 #90 meeting [1], we had a working assumption on downlink polar code construction as following: 
	
Working Assumption: 
· Denote the input to the CRC computation by u0, u1, u2, …, uL-1, and the parity bits by p0, p1, p2, …, p23. The parity bits are generated by the following cyclic generator polynomial:
· [bookmark: _Hlk492843640]gCRC24(D) = [D24+D23+D21+D20+D17+D15+D13+D12+D8+D4+D2+D+1]
· After CRC calculation, the bits which will be fed into an interleaver are denoted by v0, v1, v2, …, vKmax+23, which fulfils:
· vk = uL-1-k		   for k = 0, 1, 2, …, L-1. 
· vk = <NULL>	for k = L, L+1, L+2, …, Kmax-1.
· vk = pk-Kmax		for k = Kmax, Kmax+1, …, Kmax+23.
· where Kmax = max(140, max DCI payload size in Rel-15 + 20),  and Kmax + CRC length is the size of the interleaver. 
· Then v0, v1, v2, …, vKmax+23 is fed to the interleaver. Denote the output of the interleaver is w0, w1, w2, …, wKmax+23. The relationship between the input and output of the interleaver is as follows:
· wk = vΠ(k)		for k = 0, 1, 2, …, Kmax+23,
· where the pattern is the pattern for nFAR=21 in R1-1712167. 
· If problems are identified with this pattern, companies can propose modifications to the polynomial and/or interleaver pattern at NR AH#3, keeping the modifications as minimal as possible.

Agreement on next steps: 
· By the Sept NR adhoc, companies are requested to evaluate exhaustively the FAR of the above working assumption to identify any potential FAR problems (i.e. below 1.5 x 2^-21 with 100 events):
· For evaluation purposes, assume max DCI payload size = 140
· Check for all values of K with granularity of 4 from 16 to 100, and granularity of 20 up to 140.
· Check for M values 96, 192, 384, 768 (with repetition for 768)
· Not including combinations of K and M that would give R < 1/8 or greater than 5/6
· Priority will be given to R<=2/3




 In this contribution, we first investigate the working assumption on DL polar code construction, and address a technical issue on the bit mapping rule and the interleaving pattern. Then, according to the agreement on next steps, we evaluate false alarm rate (FAR) and early termination of the current working assumption.
[bookmark: _GoBack]Note: This contribution is revised from R1-17016027.


2. DL Code Construction
In this contribution, we use some basic notations for polar coding chain as followings:
[bookmark: _Hlk485716767][bookmark: OLE_LINK10][bookmark: OLE_LINK1]- : number of information bits excluding CRC bits
- : number of CRC bits
- : desired code rates ()
- : number of codeword bits ()
- : mother polar code size
- : list size of successive-cancellation list (SCL) decoder 
2.1 Code Construction with D-CRC
An important feature of NR downlink polar code construction is distributed-CRC (D-CRC). The D-CRC is used for early termination of successive-cancellation (SC) based decoding when the decoding failure probability is high. At the encoder, each distributed CRC bit is generated as a linear combination of message bits that are to be decoded earlier than the CRC bit in SC-based decoding procedure. At the decoder, in each decoding of distributed CRC bit, a decoded CRC bit value and an XOR of message bits obtained by the corresponding linear equation are compared. If these two values are different from each other in a decoding path, then the path is marked with a failure flag. The paths with the failure flag are not pruned though, and the decoder continues decoding with these paths. If all decoding paths have a failure flag, then the decoder stops and finally declares decoding failure. 
[image: C:\Users\minyc\AppData\Local\Microsoft\Windows\INetCache\Content.Word\fig01.png]
Figure 1  Polar coding chain for NR downlink control channel
Fig. 1 shows a polar coding chain with D-CRC based on the working assumption. First, message bits of length  are encoded by 24-bit CRC code whose generator polynomial . After CRC encoding, an obtained bit sequence of length  is mapped into a subset in another bit sequence of length , where  denotes the length of D-CRC interleaver and it is assumed that . The location of the subset for  encoded bits are determined according to a certain bit mapping rule, and the other  locations are filled with NULL. Then, the bit sequence of length  is interleaved, where the interleaving pattern is given in Table 1. Then, interleaved bits are read out in an order while skipping NULL, and a resulting bit sequence is fed into the polar encoder.
Table 1  D-CRC Interleaving Pattern in Current Working Assumption 
	0, 2, 3, 5, 6, 8, 11, 12, 13, 16, 19, 20, 22, 24, 28, 32, 33, 35, 37, 38, 39, 40, 41, 42, 44, 46, 47, 49, 50, 54, 55, 57, 59, 60, 62, 64, 67, 69, 74, 79, 80, 84, 85, 86, 88, 91, 94, 102, 105, 109, 110, 111, 113, 114, 116, 118, 119, 121, 122, 125, 126, 127, 129, 130, 131, 132, 136, 137, 141, 142, 143, 147, 148, 149, 151, 153, 155, 158, 161, 164, 166, 168, 170, 171, 173, 175, 178, 179, 180, 182, 183, 186, 187, 189, 192, 194, 198, 199, 200, 1, 4, 7, 9, 14, 17, 21, 23, 25, 29, 34, 36, 43, 45, 48, 51, 56, 58, 61, 63, 65, 68, 70, 75, 81, 87, 89, 92, 95, 103, 106, 112, 115, 117, 120, 123, 128, 133, 138, 144, 150, 152, 154, 156, 159, 162, 165, 167, 169, 172, 174, 176, 181, 184, 188, 190, 193, 195, 201, 10, 15, 18, 26, 30, 52, 66, 71, 76, 82, 90, 93, 96, 104, 107, 124, 134, 139, 145, 157, 160, 163, 177, 185, 191, 196, 202, 27, 31, 53, 72, 77, 83, 97, 108, 135, 140, 146, 197, 203, 73, 78, 98, 204, 99, 205, 100, 206, 101, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223



2.2 Technical Issue on Current Working Assumption
A bit mapping rule from [2] and a D-CRC interleaver from [3] are considered as the working assumption in [1]. This combination, however, does not work at all, since the current D-CRC interleaver was not designed based on the bit mapping rule assumed in the working assumption. Fig. 2(a) shows an example of D-CRC parity check matrix for , which is obtained according to the working assumption. As shown in the parity check matrix, first 3 D-CRC parity bits do not enable early termination, and polar decoder cannot achieve any early termination gain, which is the purpose of D-CRC. Considering the right combination of the bit mapper and interleaver, D-CRC parity check matrix depicted in Fig. 2(b) is obtained. The decoder has a chance to terminate decoding early right after decoding only first 20 message bits. 
Observation 1: The current working assumption on downlink polar code construction does not work as is. No early termination gain is achieved at all.

[image: C:\Users\minyc\AppData\Local\Microsoft\Windows\INetCache\Content.Word\fig03.png]
Figure 2  Example of parity-check matrices of distributed-CRC for : a) WA as is; and b) modification on WA
To get D-CRC working as intended while minimizing the modification, we consider following two options: 
Alt.1) Change the bit mapper into the description in [2] while keeping the interleaving pattern as is in the WA
Alt.2) Change the interleaving pattern into the following while keeping the bit mapper as is in the WA


	199, 197, 196, 194, 193, 191, 188, 187, 186, 183, 180, 179, 177, 175, 171, 167, 166, 164, 162, 161, 160, 159, 158, 157, 155, 153, 152, 150, 149, 145, 144, 142, 140, 139, 137, 135, 132, 130, 125, 120, 119, 115, 114, 113, 111, 108, 105, 97, 94, 90, 89, 88, 86, 85, 83, 81, 80, 78, 77, 74, 73, 72, 70, 69, 68, 67, 63, 62, 58, 57, 56, 52, 51, 50, 48, 46, 44, 41, 38, 35, 33, 31, 29, 28, 26, 24, 21, 20, 19, 17, 16, 13, 12, 10, 7, 5, 1, 0, 200, 198, 195, 192, 190, 185, 182, 178, 176, 174, 170, 165, 163, 156, 154, 151, 148, 143, 141, 138, 136, 134, 131, 129, 124, 118, 112, 110, 107, 104, 96, 93, 87, 84, 82, 79, 76, 71, 66, 61, 55, 49, 47, 45, 43, 40, 37, 34, 32, 30, 27, 25, 23, 18, 15, 11, 9, 6, 4, 201, 189, 184, 181, 173, 169, 147, 133, 128, 123, 117, 109, 106, 103, 95, 92, 75, 65, 60, 54, 42, 39, 36, 22, 14, 8, 3, 202, 172, 168, 146, 127, 122, 116, 102, 91, 64, 59, 53, 2, 203, 126, 121, 101, 204, 100, 205, 99, 206, 98, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223


Observation 2: There are two options to fix the working assumption: 1) to modify the bit mapper or 2) to modify DCRC interleaver.   
[image: D:\[1] Work\[1] 3GPP RAN1 Channel Coding\1709 AH3\[3] Contributions\01_DL_Construction\fig02.png]
Figure 3 (a) Bit mapping rule in working assumption and (b) bit mapping rule in [3]
Between two options, modifying the bit mapper in the current working assumption is preferable. Fig. 3 describes bit mapping in the current working assumption and that in [3]. In the current bit mapper, a CRC codeword is divided into message part and parity part, and the message part is mapped to the beginning of the bit sequence of length  in reverse order. However, a bit mapper proposed in [3] just put CRC codewords to the end of the bit sequence, and there is no need to separate message and parity parts and to reverse the order of the message bits.     
Observation 3: Modifying the bit mapper is preferable since it is simpler than modifying the interleaving pattern.   


3. FAR and ET-Gain Evaluation of Working Assumption
[bookmark: OLE_LINK18]In this section, FAR and early termination gain (ET-gain) of the current working assumption are evaluated according to the agreement in [1]. As discussed in the previous section, the bit mapping rule is modified since the current working assumption does not work as is. In Table 2, details of performance evaluation are given. 
Table 2  Performance Evaluation Settings for DL Polar Code Construction
	Code sequence
	Code sequence agreed in RAN1 #90 meeting

	Rate-matching scheme
	Rate-matching in [4]

	Channel and modulation
	AWGN channel, QPSK

	D-CRC construction
	Working assumption in [1], but bit mapping rule is changed into [3] 

	Polar decoding algorithm
	DCRC-aided SCL decoding with 

	Codeword bits 
	96, 192, 384, 768

	Information bits 
	16:4:100 and 120:20:200 (not including that would give  or )

	Max. mother code size 
	512 


FAR is defined as 

where this definition of FAR was assumed and approved in email discussion NRAH2-12 [5]. As metrics of ET-gain, we consider saved message bit ratio and computation reduction ratio. The saved message bit ratio is defined as

and computation reduction ratio is defined as

In calculation of the computation ratio reduction, it is assumed that f-function, g-function, and path-metric calculation require 1 addition, and path-metric sorting for SCL decoding with list size  is done by  additions [5]. The computation reduction ratio is a more accurate metric showing ET-gain rather than the saved message bit ratio.
In the next subsections, results of FAR and ET-gain with AWGN input, random-QPSK input, and intended codeword input are given. In FAR experiments with intended codeword input, we set the proper range of  that results in BLER 10% to 1%. The ET-gain in these experiments is obtained when BLER 10% is achieved.


3.1 FAR and ET-Gain with AWGN-Input

[image: D:\[1] Work\[1] 3GPP RAN1 Channel Coding\1709 AH3\[2] Simulations\03_DL_Construction\DCRC_AWGN\AWGN.png]
Figure 4  FAR evaluation of DL polar code construction with AWGN input


[image: D:\[1] Work\[1] 3GPP RAN1 Channel Coding\1709 AH3\[3] Contributions\01_DL_Construction\fig4b.png]
Figure 5  ET-gain for DL polar code construction with AWGN input
Observation 4: For AWGN input (no input signal), D-CRC in the current working assumption provides stable FAR.


3.2 FAR and ET-Gain with Random-QPSK Input

[image: D:\[1] Work\[1] 3GPP RAN1 Channel Coding\1709 AH3\[2] Simulations\03_DL_Construction\DCRC_AWGN\AWGN.png]
Figure 6  FAR evaluation of DL polar code construction with random-QPSK input
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Figure 7  ET-gain for DL polar code construction with random-QPSK input
Observation 5: For random-QPSK input (unintended signals), D-CRC in the current working assumption provides stable FAR.


3.3 FAR and ET-Gain with Intended Codeword Input

[image: D:\[1] Work\[1] 3GPP RAN1 Channel Coding\1709 AH3\[2] Simulations\03_DL_Construction\DCRC_AWGN\AWGN.png]
Figure 8  FAR evaluation of DL polar code construction with intended codeword input. 
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Figure 9  ET-gain measured at BLER 1% for DL polar code construction intended codeword input 
Observation 6: For intended codeword input, FAR of DCRC-aided polar codes exceeds the threshold  when  and . 
Since we observe the FAR issue as shown in Fig. 8, the current working assumption on downlink polar code construction needs to be revisited. In addition, DMRS density per resource element group (REG) was also changed [1], the FAR of polar code construction with  should also be evaluated to confirm the working assumption.
Proposal 1: The current working assumption needs to be revisited and modified, and the possible modification should be evaluated under the assumption that .

4. Conclusions
In the working assumption in the last meeting, there is a technical issue on D-CRC. In this contribution, we addressed the problem, and propose two ways to get D-CRC working as intended. Between two options, modifying the bit mapping rule in the current working assumption is simpler and more effective than modifying the interleaver. We have a following proposal. 
Observation 1: The current working assumption on downlink polar code construction does not work as is. No early termination gain is achieved at all.
Observation 2: There are two options to fix the working assumption: 1) to modify the bit mapping rule or 2) to modify DCRC interleaver. 
Observation 3: Modifying the bit mapper is preferable since it is simpler than modifying the interleaving pattern.   
FAR and ET-gain of the current working assumption with proper modification were evaluated according to the agreement in [1], and FARs are stable when AWGN input and random-QPSK input are considered.
Observation 4: For AWGN input (no input signal), D-CRC in the current working assumption provides stable FAR .
Observation 5: For random-QPSK input (unintended signals), D-CRC in the current working assumption provides stable FAR. 
However, when decoder input is an intended codeword, FAR degradation was observed for the point of  and . Therefore, the downlink polar code construction in working assumption [1] should be revisited and modified. 
Observation 6: For intended codeword input, FAR of DCRC-aided polar codes exceeds the threshold  when  and . 
Proposal 1: The current working assumption needs to be revisited and modified, and the possible modification should be evaluated under the assumption that .
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